We herein reported colossal dielectric constant (CDC) behavior in GaAs single crystals. This behavior appears in the temperature range above room temperature and results from the bulk effect due to polaron relaxation caused by hopping motion of EL2 defects. When temperature rises higher than 420 K, the interfacial contribution due to Maxwell-Wagner relaxation caused by sample/electrode contacts appears. When temperature is higher than 560 K, the CDC behavior is mainly contributed by the interfacial effect. These features are quite different from the CDC behavior found in oxides, and therefore, the CDC behavior in GaAs single crystals is considered as a new type of the CDC family. Our results underscore the role of point-defects in CDC behavior and suggest that defect engineering can be a promising strategy to achieve superior CDC behavior in both oxide and non-oxide materials.
Introduction
The continual tendency toward device miniaturization and increasing perceived demand for high-density energy storage have triggered a burst of research activities in searching for colossal permittivity materials.
1,2 Permittivity over 10 4 , is now termed as colossal dielectric constant (CDC). 3, 4 The current existing CDC materials can be classied into two types: (1) ferroelectric materials as represented by Ba/Pb-based perovskite oxides characterized by a sharp permittivity at the temperature of ferroelectric phase transition, 5 and (2) non-ferroelectric materials varying from single to multicomponent oxides characterized by a colossal and at dielectric constant over a wide temperature range around room temperature. [6] [7] [8] [9] Nevertheless, the former suffers from the toxicity and strong temperature dependence of the permittivity; the latter shows the weakness of relatively high dielectric loss. These formidable problems strongly limit the practical application of both types of materials. Therefore, much work is warranted on the searching for new CDC materials suitable for real device application.
Since CDC behavior in non-ferroelectrics and relaxors is contributed exclusively by defect dipolar and/or space charge polarizations, the empirical methods to explore new CDC materials are (1) introducing defect dipoles through doping 1, 10, 11 and (2) engineering the space charge polarization by fabricating various articial interfaces such as core-shell 12 and hybrid nanolaminate structures. 13 It is worth emphasizing that all the efforts were performed in oxides. In contract, CDC behavior in non-oxide materials remains conspicuously absent. It raises the question: is CDC behavior peculiar to oxides? 14 Or in other word, does the CDC behavior appear in non-oxide materials?
In fact, point defects and articial interfaces were widely engineered to tune the properties of non-oxides. 15, 16 It is, therefore, expected that non-oxides could be yet another promising CDC materials. Excited by this expectation, we performed dielectric investigations on GaAs crystals. The sample is used because it has recently gained a revived interest as replacement to silicon in future metal-oxide-semiconductor eld-effect transistors. 17, 18 Point defects, such as oxygen, As Ga antisite, Ga/As vacancies, and the complex of these defects, are known to play an important role in determining the properties of GaAs. [19] [20] [21] [22] Our results show that GaAs crystals exhibit CDC behavior in the temperature above room temperature. This behavior is argued to be a bulk effect caused by defect points.
Experimental
The (001) oriented GaAs single crystals were purchased from Hefei Kejing Materials Technology Co., Ltd. Dielectric properties in both temperature and frequency domains were measured using a Wayne Kerr 6500B precise impedance analyzer (Wayne Kerr Electronic Instrument Co., Shenzhen, China) with the sample mounted in a holder placed inside a PST-2000HL dielectric measuring system (Partulab Co., Wuhan, China). The temperature domain dielectric properties were measured at xed frequencies by varying temperature with a heating ramp of 2 K min
À1
. The frequency domain dielectric properties were measured at xed temperatures by scanning frequency from 10 2 to 10 6 Hz. The ac measuring signal was 100 mV rms. Electrodes were made by printing silver paste on both sides of the samples and then red at 1073 K for 2 h in air in order to remove the polymeric component and get good contact. To get detailed information about the dielectric properties of GaAs single crystals, the dielectric data were analyzed in terms of three dielectric functions: dielectric permittivity 3*, electric modulus M*, and impedance Z*. Electron spin resonance (ESR) measurement was carried out using a Bruker EMX-plus model spectrometer operating at X-band frequency (y y 9.4 GHz).
3. Result and discussion Fig. 1(a) and (b) shows, respectively, the temperature (T) dependence of the dielectric constant (3 0 ) and loss tangent (tan d) for a GaAs crystal measured under different frequencies (f). It is seen that a stepwise increase in 3 0 (T) leads to a colossal and weak temperature-dependent dielectric constant over 4k around 400 K of the crystal. The stepwise increase is accompanied by a thermally activated relaxation peak in tan d characterizing the typical the CDC behavior as reported in oxides.
2,8
However, compared with the CDC behavior in oxides, there are two main features worth to be emphasized: (1) (2) The stepwise increase in oxides is almost invisible in the curves measured with frequencies higher than 1 MHz. Whereas the present sample still shows a stepwise increase larger than 4k for the curve measured under 3 MHz. These features indicate that the CDC behavior in GaAs is different from that in oxides.
To decipher the nature of the CDC behavior in GaAs, knowledge of the mechanism of the observed relaxation is of paramount importance. In doing so, one needs to calculate the relaxation parameters. Nevertheless, a careful examination reveals that the relaxation peak, especially for those measured with high frequency, e.g., 3 MHz, is composed of two close peaks. Meanwhile, an exponentially increasing background in loss tangent at higher temperatures is observed. This background shis to high temperature and decreases in magnitude with increasing measurement frequency indicating that it is associated with the conductivity [tan d $ s/u $ exp(ÀE cond /k B T)/ u, where E cond is activation energy of conductivity, u ¼ 2pf is angular frequency, and k B is Boltzmann constant]. Both facts strongly limit us in obtaining the relaxation parameters. In this case, the dielectric function of electric modulus M*, dened as M* ¼ M 0 + jM 00 ¼ 1/3* (j is the square root of À1), is applied. It shares the same mechanism of the dielectric permittivity (3*) and considered to be a powerful function in revealing the relaxation shadowed by background.
26 Fig. 2(a) shows the spectroscopic plots of the imaginary part of the electric modulus for a GaAs crystal recorded at a series of temperatures. Owing to the absence of background, two distinct relaxation peaks can be clearly seen. For brevity, these relaxations are named as R1 and R2 in the order of ascending temperature. The peak position, f P , is plotted as a function of the reciprocal of the measuring temperature (1000/T) in terms of the Arrhenius law
where f 0 is pre-exponential factor and E a is activation energy of the relaxation. Fig. 2 (b) displays Arrhenius plots of the observed relaxations. It is seen that both relaxations follow perfect Arrhenius relation. The activation energy is calculated to be 0.80 and 0.48 eV for R1 and R2, respectively. The activation energy of R1 agrees perfectly with that of the EL2 defects (0.80 eV). 22 EL2 defects in GaAs has been generally accepted to be associated with As antisite (As Ga ) point defects, 27, 28 which are known to be double donors. The singly charged state As Ga + has unpaired sp electrons and hence can be detected by ESR spectrum. The ESR result recorded at room temperature is shown in the inset of Fig. 2(b) , which shows a resonant line resulting from the As Ga + . 29 This result conrms the existence of the As antisite point defects. On the other hand, the charged defects in the crystal appear to be polarons, because they will be frozen at low enough temperatures by their surrounding medium via repelling (attracting) the like (opposite) ions. At high enough temperatures, these defects will be thermally activated and hop randomly to nearby positions leading to dipolar effect. 30 Under an applied eld, the polarons are electrically activated and hop with respect to the applied eld yielding re-orientation polaron relaxation.
31 Therefore, the relaxation R1 is point-defect related. For a polaron relaxation, the loss tangent and electric modulus attain their maxima of (tan d) max and (M 00 ) max at the frequency f tan d and f M , respectively. Based on these parameters, two Arrhenius-like plots are predicated 32,33 where W H and E g are related to polaron hopping and formation energy, respectively. Eqn (2) and (3) predicate a ngerprint nature for a polaron relaxation, namely two Arrhenius-like lines in the plots of log((f tan d ) 2 /f M ) and log(T(tan d) max 2 /(M 00 ) max ) against 1/T. To corroborate the polaronic nature of R1, the spectroscopic plots of the loss tangent at a series of temperatures are displayed in Fig. 3 , from which the maxima of (tan d) max as well as the position f tan d can be deduced. Together with the spectroscopic plots of electric modulus shown in Fig. 2(a) , the two Arrhenius-like relationships are clearly evidenced as shown in the inset of Fig. 3 . Linear ttings, shown as solid lines in the inset, yield W H ¼ 0.750 eV and E g /2 ¼ 0.052 eV. In the case of small polaron hopping process, the activation energy for the conduction follows
33, 34 The sum of W H and E g /2 equals 0.802 eV, which agrees perfectly with the activation energy of R1. Since the hopping process of small polaron not only yields bulk conduction but also gives rise to dielectric relaxation, both aspects are strongly related and thus show close value of activation energy. This result rmly conrms the polaronic nature of the R1.
To clarify the nature of R2, we performed impedance analysis under different dc biases at temperatures where R2 is the predominant relaxation of GaAs. A typical result recorded at 450 K is present in Fig. 4 . This temperature is chosen, because at this temperature only R2 can be seen and R1 moves to a higher frequency out of the measuring frequency window [see Fig. 2(a) ]. It is clearly seen that the complex impedance plot behaves as a semicircle indicative of R2. The inset shows an enlarged view of the impedance plot in the high frequency range. It shows that a high-frequency tail independent of dc bias indicative of R1 is almost invisible. We would like to stress that the semicircle can be notably depressed by the dc bias. This nding demonstrates that R2 is an interfacial relaxation or Maxwell-Wagner relaxation, because a Maxwell-Wagner relaxation is associated with a Schottky barrier, whose intensity as well as the Maxwell-Wagner relaxation can be effectively depressed by a dc bias. 35 The absence of grain boundaries in the present crystal leads to the conclusion that R2 is a MaxwellWagner relaxation associated with the interfaces of sample/ electrode contacts.
To further convince this point, we conduct ac conductivity analysis. Fig. 5(a) shows the ac conductivity as a function of frequency recorded at different temperatures. The noteworthy observation is that the curves can be claried into two regions (I and II). In region I, the curves behave as plateaus in the lowfrequency range followed by linear increases (in log-log scale) in the high-frequency range. This behavior seems to be the typical feature of the well-known universal dielectric response (UDR) as described by
where s dc is dc conductivity, B(T) and s are temperaturedependent constants. However, a careful examination reveals that the linear increase is actually a sigmoidal curve which collects the low-frequency s dc and a high-frequency plateau. The high-frequency plateau is more notable in the curves measured at low temperatures, e.g., 320 K. This fact indicates that the UDR model fails to describe the ac conductivity. Since both the Maxwell-Wagner and polaron relaxations have contributions to the ac conductivity, in this case, the sample can be modeled by two serially connected RC (R ¼ resistor and C ¼ capacitor) units as shown by the inset in Fig. 5(b) where the subindex 1 and 2 refer to the bulk and interfacial effects, respectively. Based on the equivalent circuit, the resistance of the system can be written as
where u ¼ 2pf is the angular frequency. By considering the behavior at zero and innite frequencies and introducing the parameters of A ¼ area of the capacitor and l ¼ sample thickness, eqn (5) can be rewritten as
and
Similar to Debye relaxation, eqn (6) clearly indicates that the ac conductivity shows a low-and high-frequency plateaus with a sigmoidal curve linking them. It is generally accepted that R 2
38 As a result, s 0 $ l/AR 2 and s N $ l/AR 1 . This means that the low-and high-frequency plateaus represent the interfacial and bulk contributions, respectively. It, therefore, follows that the region I in Fig. 5(a) represents the interfacial effect. The Arrhenius plot of the dc conductivity deduced from region I of Fig. 5(a) is plotted in Fig. 5(b) . The activation energy is calculated to be 0.51 eV, which is comparable with that R2. This nding conrms that the R2 is caused by interfacial effect.
The above results evidence that R1 and R2 are related to bulk and interfacial effects due to polaron and Maxwell-Wagner relaxations, respectively. In order to nd out which one dominates the CDC behavior of the GaAs crystal, the frequency dependence of the real part of the complex permittivity was measured at temperatures varying from 300 to 600 K with an increment step of 20 K. As shown in Fig. 6 , the CDC behavior of GaAs results from two thermally activated relaxations. The relaxation R1 characterized by a low-frequency plateau and a stepwise decrease in 3 0 (f) dominates the CDC behavior in the temperature range of T # 540 K. When T $ 420 K, though the data points at the lowest frequencies deviate from the lowfrequency plateau indicative of the appearance of R2, only when T $ 560 K, the contribution to the CDC behavior from R2 outmatches that from R1 (please note the logarithmic scale of the dielectric constant). Therefore, the observed CDC behavior in GaAs crystal is dominated by the bulk effect due to polaron relaxation caused by the hopping motion of EL2 defects in the temperature range below 560 K. While in the temperature range above 560 K, the CDC behavior is mainly contributed by the interfacial effect due to 39 Therefore, the CDC behavior in GaAs crystals can be considered as new type one.
Conclusions
In conclusion, dielectric properties of GaAs crystals were investigated in the temperature from room temperature to 650 K and frequency range of 10 2 to 3 Â 10 6 Hz. The crystal shows CDC behavior contributed by bulk and interfacial effects in the temperature ranges below and above 560 K, respectively. The bulk contribution comes from the polaron relaxation caused by the hopping motion of EL2 defects. Whereas the interfacial contribution results form the Maxwell-Wagner relaxation caused by the sample/electrode contacts. The CDC behavior in GaAs crystals is argued to be a new one different form the conventional type reported in oxides. Fig. 6 Frequency dependence of the dielectric constant for GaAs crystal measured at various temperatures.
